In semiconductors, spin-orbit effective magnetic fields, i.e., the Rashba and Dresselhaus fields, are used to control electron-spin polarization. This operation, however, destroys the electron-spin coherence, and the spin polarization is limited to the vicinity of a ferromagnetic source electrode. In this paper, we propose the use of dilute magnetic semiconductors to improve the coherence of spatially oscillating electron-spin polarization. In dilute magnetic semiconductors, the electron-spin polarization near the source electrode dynamically induces the local spin polarization of magnetic impurities through s-d spin-flip scattering. This impurity-spin polarization improves, in turn, the coherence of the electron-spin polarization, and this improved electron-spin polarization induces impurity-spin polarization farther in the adjacent region. Because of this positive feedback, the coherent and synchronized spatial oscillations of electron-and impurity-spin polarizations grow cooperatively. A numerical calculation for a CdMnTe quantum well demonstrates the validity of this mechanism.
Introduction
Controlling the spatial distribution of electron-spin polarization, i.e., the local average of the spin vectors of many electrons, without deteriorating electron-spin coherence is quite important for spintronics device applications.
1) However, it is not an easy task. In some devices, such as spin field-effect transistors (spin-FETs), 2) electron spins, which are injected into the two-dimensional (2D) channel from a ferromagnetic source electrode, are controlled through electron-spin precession caused by the Rashba 3,4) and Dresselhaus 5) effective magnetic fields, both originating from the atomic spin-orbit interaction. However, because these spin-orbit fields and the resulting electron-spin precession depend on the electron wave vector, the spin coherence length is limited through the D'yakonov-Perel' (DP) relaxation mechanism, 6) and the electrons-spin polarization is localized near the source electrode. Therefore, it is worthwhile to search for methods to overcome the DP spin relaxation.
Dilute magnetic semiconductors (DMSs), investigated actively for over thirty years, 7) have been considered inappropriate for coherent electron-spin transport. In these materials, various fascinating phenomena, such as carrier-induced ferromagnetism, giant
Zeeman effect, and spin polaron effect, 8) If the electron-spin polarization oscillates spatially, the induced impurity-spin polarization also oscillates. In this case, the electron spins are not always parallel to the impurity-spin polarization, and the electron-spin precession is expected to be changed by the effective magnetic field originating from the impurity-spin polarization. It is quite desirable if this change in electron-spin precession improves the electron-spin coherence.
In this paper, we propose a possible mechanism to improve the spatial electron-spin
coherence by DMSs and demonstrate its validity through a numerical calculation for the spin transport of conduction electrons injected from a ferromagnetic source electrode into a 5 nm Cd 0.99 Mn 0.01 Te quantum well (QW). This paper is organized as follows. In §2, we propose a possible mechanism to overcome the DP spin relaxation for conduction electrons. In §3, a method of numerical calculation is explained. Numerical results are shown in §4, and §5 is devoted to a summary. In Appendix, we give a brief review for the electron-spin polarization in nonmagnetic quantum wells.
Dynamical Mn-spin polarization and improvement of electron-spin coherence
We consider the transport of spin-polarized conduction electrons in dilute-magnetic QWs. As is shown schematically in Fig. 1 along the x -axis. In the present paper, we ignore the Dresselhaus field for simplicity and take into account only the Rashba field for the spin-orbit effective magnetic field.
Because the system has a translational symmetry along the y -axis, the electron-spin polarization is uniform along the y -axis and depends only on x . We do not consider the details of the ferromagnetic electrode, because the details of the spin injection are beyond the scope of this study.
For electron transport, we assume that the state of an electron along the QW plane is
given by well-defined position and momentum. For this assumption, it is necessary that the uncertainties of the position and momentum are much smaller than the electron mean free path and momentum, respectively. This condition is known to be satisfied usually in semiconductors, and this assumption is widely employed in the Monte Carlo simulations of electron transport in semiconductors. 10, 11) Thus, the state of an electron is specified by confinement wave function ( ) The precession of an electron spin is determined, in general, by the precession equation
where pr Ω is the precession vector. 12) For the Rashba effective magnetic field induced by the applied electric field z E along the growth direction, the precession vector is given by
where Rashba B is the Rashba field, γ the gyromagnetic ratio of a conduction electron, and
( )
Rashba z E α ∝ the Rashba coefficient. 3, 4) A schematic illustration of electron-spin precession is shown in Fig. 2(a) . Because the direction of Rashba Ω is along the QW and perpendicular to k , the electron spin rotates in the plane including k and the z -axis.
This k dependence of the precession and the momentum scatterings due to acoustic and optical phonons, and nonmagnetic impurities cause the DP spin relaxation. As a result, the spin polarization ( ) 
where ŝ and 
where Mn n is the Mn density. The total electron-precession vector is given simply by the sum of eqs. (2) and (5) as ( )
If the condition 
where g 1.606 E = eV is the band-gap energy, SO 0.8 Δ = eV the spin-orbit splitting in the valence band, 14) and e the elementary charge.
The time scale of the growth of the Mn-spin polarization is obtained to be 10 ns from Third, the above spin relaxations are expected to be relieved with increasing Mn-spin polarization, because the Mn-spin fluctuation is suppressed.
Numerical Method
In order to demonstrate the validity of the above-proposed mechanism, we perform a numerical calculation. In this calculation, processes essential for the present mechanism,
i.e., electron transport with momentum scatterings, dynamical Mn-spin polarization, and electron-spin precession due to Mn B and Rashba B , are considered. For the wave function of electrons confined in the QW, we take into account only the ground subband for simplicity and employ the infinite-barrier approximation. Then, the electron wave function along the z -direction is given by ( ) ( )
, in which we have ignored the modification by z E for simplicity.
To simulate electron transport, we employ the Monte Carlo method. 10, 11, [26] [27] [28] 
For the factor F in eq. (8), we assume the phenomenological form ( 
In order to estimate the time evolution of Table I .
Numerical Results
In Fig. 3 , we show the electron-and Mn-spin polarizations, ( ) 
( )

Mn x S
is partially polarized for 1.5 x < μm, as is shown in Fig. 3(b2) .
This profile is almost proportional to ( ) Fig. 3(a1) . At the same time, the spatial coherence of ( ) μm is much larger than Rashba Ω .
As is shown in Fig. 3 . These results clearly demonstrate that the present mechanism is valid for overcoming the DP spin relaxation. It should be noted that that both ( ) 
Summary
In this paper, we have proposed a possible mechanism to overcome the 
Appendix: Electron-Spin Transport in Non-Magnetic Quantum Wells
In this Appendix, we discuss the effects of the in-plane electric field x E and momentum scatterings on the electron-spin polarization ( )
under the spin-orbit effective magnetic fields in nonmagnetic QWs. This is a starting point of the present study.
Although we ignore the Dresselhaus effective field for simplicity, the results are qualitatively the same even under the Dresselhaus field. We consider the system schematically shown in Fig. 1 . The electron-spin polarization, which is along the z -direction at the source edge, rotates spatially because of the spin precession of individual electrons due to the Rashba field, and it is relaxed through the DP spin-relaxation mechanism.
6) The method of numerical calculation is the same as that explained in § 3, except that the s-d interaction is not included.
For the present discussion, the k θ dependence of ( ) In the case of a finite x E , electrons are accelerated along the x -axis, and their 2D wave vector direction converges to 0 k θ → . As a result, spin relaxation is expected to be reduced. The result for 1
x E = − kV/cm is shown in Fig. 5(b) . As is expected, the spatial electron-spin coherence is improved considerably. In reality, however, it is necessary to take into account momentum scatterings, which change the direction of k of individual electrons frequently. As a result, the spin precession of each electron is randomized, and the spin-coherence length is strongly reduced, as is shown in Fig. 5(c) . This result is essentially the same as that for the magnetic CdMnTe QW with Fig. 3(a) . Thus, the momentum scatterings for electrons accelerate the DP spin relaxation strongly.
Under a finite x E , x k , or x k averaged over all conduction electrons, and the resulting spin splitting along the y -axis due to the Rashba field are expected to be finite.
Thus, we might anticipate a finite y s . However, this is not the case. To discuss spin polarization, it is necessary to consider the entire electron distribution in the k -space. As is shown in Fig. 6(a) , the 2D Fermi surfaces for electrons with spins along the 
